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Objectives: Determination ofphysicaI and mechanical characteristics and properties of thin-walled (0.39 mm) expanded 
polytetrafluoroethylene str tch vascular prostheses by time-resolved scanning acoustic microscopy (TR-SAM). Materials 
and Methods: Samples of Stretch Gore-Tex® were mounted on polymethylmethaacrylate substrate, and ethyl alcohol 
was used as acoustic ouplant. A 10 MHz ultrasound transducer mounted on a SAM50® scanning acoustic microscope 
generated short, pulsed sound waves. Reflected signals were used for imaging and for computer analysis of time resolved 
wave forms acquired by a digital sampling oscilloscope tocalculate physical and mechanical characteristics of the material. 
Results: Graft wall thickness: 0.395 (0.352/0.401) ram; graft wail sound wave penetration velocity: 1111 (1083fl129) ms-l; 
acoustic impedance: 3.685 (2.975/4.370) i06 kgm-3s-1; attenuation coefficient: 0.144 (0.096/0.229)dB mm-I MHz-~; 
material density: 3360 (2712/3982)kgm-3; elastic stiffness: 4.06 (3.35/4.83) GPa (median and (25/75) percentiles; n=8 
samples, 10 measurements spaced 100 ~m apart in each sample). 
Conclusions: TR-SAM can effectively quantifij ePTFE graft wall properties, and new data on graft properties have been 
provided. The acoustic impedance and elastic stiffness of the ePTFE graft wall are 2.2 and 1.6 times higher, respectively, 
than in human coronary arteries, and it is highly reflective of ultrasound. 
Key Words: Gore-Tex; PTFE; Vascular graft physical properties; Scanning acoustic microscopy; Uttrasoun& Vascular 
surgery. 
Introduction 
Expanded polytetrafluoroethylene (ePTFE) grafts are 
high-modulus i otropic conduits, whereas the native 
arteries are low-modulus anisotropic onduits. The 
relatively high graft stiffness determines a high im- 
pedance in the pulsatile, arterial side of the circulation, 
as the propagation velocities of pressure as well as 
flow waves are increased by stiff graft walls. 1 Such 
increases do not occur with identical proportions, so 
reflected waves from pressure and flow, respectively, 
are at different phases that increase the risk of tur- 
bulence and unstable regions of flow at low Reynold's 
numbers. The translation of mechanical forces at the 
graft-to-artery anastomosis also induces myointimal 
gene expression responsible for neointimal hy- 
perplasia. 2 
Knowledge of physical and mechanical properties 
of vascular grafts is necessary for an understanding 
* Please address all correspondence to: William Paaske, Department 
of Cardiothoracic & Vascular Surgery T,Aarhus Universit~r Hospital, 
Skejby Sygehus, DK-8200 Aarhus N, Denmark. 
of haemodynamics and tissue response after im- 
plantation. We therefore decided to examine Gore-Tex 
stretch prostheses with an advanced scanning acoustic 
microscope. Imaging (sonography at the micrometer 
level) as well as time resolved data analysis (in-vitro 
mechanical quantification) were undertaken. 
Materials and Methods 
Materials 
The grafts studied were thin-walled (0.39 mm) ex- 
panded polytetrafluoroethylene stretch vascular 
prostheses (Gore-Tex® Stretch Vascular Graft man- 
ufactured by W. L. Gore & Associates, Inc., Flagstaff, 
Arizona, U.S.A.) with an outer diameter of 6 mm and 
a length of 80 cm. 
Sample preparation 
A 4 cm long segment was taken from the graft mid- 
section after stretching of the graft in accordance with 
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the directions of the manufacturer. This sample was 
opened by a radial cut and placed in a mechanical 
tissue chopper. Eight samples, each I mm wide and 
4 mm long, were mounted with their outer surface 
upwards on polymethylmethaacrylate (PMMA) sub- 
strates. Sample-to-substrate contact was secured by 
gluing the sample ends with 2-ethylcyanacrylate. 
Ultrasonic scanning system 
The samples were examined with a SAM50® scanning 
acoustic microscope (Kr~imer Scientific Instruments 
GmbH, Herborn, Germany) using a 10MHz ultra- 
sound transducer (Panametrics Inc., Waltham, Mas- 
sachusetts, U.S.A.). The SAM50® instrumentation 
includes a computer controlled stepper motor for scan- 
ning in a raster fashion to produce an image on a 
personal computer monitor. In addition, the transducer 
can be moved to a selected point of interest o acquire 
data for quantitative analysis from that point. The scan 
system includes a thermostatically controlled open 
tank containing the liquid couplant needed for acoustic 
transmission from transducer to sample and back. 
Ethyl alcohol (at 20 °C) was used as a couplant to 
eliminate the void (air) space of the hydrophobic 
ePTFE material. 
Procedure 
The sample on substrate was mounted in the tank, 
and the transducer was lowered into the tank and 
positioned so that the upper surface of the sample was 
in the focus of the sound field. Next, the upper surface 
of the substrate was levelled perpendicular to the axis 
of sound waves emitted by the transducer. 
Data acquisition 
A 1.1 mm 2 image was acquired and magnified on the 
monitor, and a line of 0.9 mm length was drawn and 
positioned in the image centre by use of the computer 
mouse. Along that line, 10 points spaced 0.1 mm apart 
were marked for data acquisition. In each point the 
signal reflected from the sample and substrate was 
acquired by means of a TDS680B® digital sampling 
oscilloscope (Tektronix Inc., Wilsonville, Oregon, 
U.S.A.) connected to the SAM50®. 
Graft wall physical and mechanical properties 
The properties of interest are the graft wall thickness 
(d); the velocity of sound (v) which is the velocity 
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Fig. 1. An example of 10 MHz ultrasonic signals reflected from 
a thin-walled (0.39 turn) expanded polytetrafluoroethylene stretch 
vascular prosthesis (Gore-Tex® Stretch Vascular Graft). The full line 
signal was obtained from a graft on PMMA substrate, and the 
dotted line signal was from the PMMA substrate, only. From these 
signals and with knowledge ofthe substrate and couplant properties, 
the elastic haracteristics of the graft were determined. The delay 
of A2 signifies that the velocity of sound in this sample is higher 
than in the couplant (1162 ms -1 at 20 °C), and the difference oftheir 
magnitudes relates to the attenuation f the sound in the graft. (--) 
Sample on substrate; (---) substrate only (reference). 
of propagation of the acoustic waves; the acoustic 
impedance (Z) which represents the ratio of sound 
pressure to particle velocity; the acoustic attenuation 
coefficient (~0) which expresses the sound wave pres- 
sure decrease per unit distance travelled by the wave 
per MHz; the density (p); and elastic stiffness (C). 
Data analysis 
The mathematical details are presented in Appendix 
1. In general terms, the analysis is based on ex- 
perimentally determined values of amplitudes and of 
interface echoes timing from substrate and sample, 
and known values for the relevant physical properties 
of couplant and substrate. 
Results 
The vs was 1111 (1083/1129) ms  -1 (median and (25/ 
75) percentiles), and p.~ was 3360 (2712/3982)kgm 3 
(n = 25). In general, the reflected signals had distinct 
A 1 and A2 echoes and :multiple echoes from inside the 
graft samples (backscatter). The numerical values for 
A1 and A2 were 1.225 (1.105/1.345) V and 1.060 (1.000/ 
1.110) V, respectively, as compared to the A0 value of 
2.050 (2.030/2.100) V. An example of a reflected signal 
from a sample on substrate is shown in Fig. 1, where 
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it is compared to a reference signal from a PMMA 
substrate, only. 
The calculated graft wall properties thickness, ound 
velocity within the material, acoustic impedance, at- 
tenuation, density and elastic stiffness are presented 
in Table 1, and the results obtained for each sample 
are shown in Fig. 2. 
Discussion 
The present study used time-resolved scanning acous- 
tic microscopy to characterise an artificial implant in 
exact physical terms. It is obvious that the technique 
may be used for description of human tissues as well, 
and in this context determination f the biomechanical 
characteristics of atherosclerosis and aneurysm in the 
time domain attracts particular interest. 
In April 1991, the first Gore-Tex stretch vascular graft 
(see Appendix 2) was implanted in a human. The first 
larger clinical series was reported in 19943 and later, 4-6 
but studies of the physical characteristics of this spe- 
cific graft type are not available in the literature. A
follow up study reported slight dilatation of the in- 
ternal diameter of the graft body (as compared to the 
nominal graft diameter) of 10% in stretch material and 
11% in standard bifurcation grafts by ultrasound and/ 
or CT scan in mean 10 and 36 months, respectively, 
after implantation. 6 Another study with CT found a 
dilatation of median 16.5 (range 6.3-28.1) % for the 
body and 19.3 (10-43) % for the legs of stretch type 
grafts. 5The corresponding figures for Dacron 5were 
33 (22-78) % and 62 (12.5-88.9) %. MRI 15 weeks 
after implantation has not shown dilatation of stretch 
bifurcation grafts. 4The interpretation f these findings 
is problematic, since all manufactured prosthetic grafts 
are produced according to specifications which allow 
for a range of measurements within these spe- 
cifications. Thus, a nominal 18 mm internal diameter 
graft could vary between 17.5 and 18.5 mm. In the cited 
studies, measurement of the exact internal diameter of 
the grafts was apparently not taken at implantation, 
so later scans can show a difference between original 
and post-implant diameter, when in fact none may 
exist. 
The present echnique will probably be valuable in 
determining the physical characteristics in explanted 
grafts in order to obtain precise knowledge of the 
time dependent (longitudinal) changes in the graft 
properties, since only extremely small graft samples 
are necessary for material analysis by the time-resolved 
scanning acoustic microscopy. The SAM equipment 
used for the present investigation was previously pre- 
sented in detail with respect to methodological aspects 
and for determination f the properties of pig coronary 
arteries. 7 It was noteworthy that density and elastic 
stiffness howed large irregular fluctuations across the 
entire wall. The elastic stiffness was higher in the 
adventitia than in the media (median: 2.88 GPa vs. 
2.60 GPa). 
When using TR-SAM for quantitative meas- 
urements, ound penetration of the object is essential. 
Since ethyl alcohol penetrates and fills the ePTFE void 
(air) space and removes the air within the material 
(gas denucleation), s we found it useful as a couplant 
for the ultrasonic beam. Thus, the beam penetrated 
both ePTFE and ethyl alcohol, and our measurements 
are valid for that condition. We based our choice of 
sound wave frequency on our objective to measure 
graft wall bulk properties. At 10 MHz, the images did 
not reveal the graft wall porosity, which they did in 
a pilot study with 50 MHz. Also, the use of 10 MHz 
ultrasound could produce results applicable to future 
quantitative clinical ultrasound in this field. 
The median graft wall thickness found in this study 
(0.395 ram) is similar to the nominal value given by 
the manufacturer (0.39 mm). Since measurement of he 
thickness is not affected by ethyl alcohol or the graft 
wall meshwork architecture, it is reasonable to con- 
clude that the equipment and the method used are 
reliable in the sense that they adequately measure 
the graft wall properties under these experimental 
circumstances. 
Table 1. Physical properties of ePTFE. 
Symbol Name Dimension Median Percentile 
25 75 
d Graft hickness mm 0.395 0.352 0.401 
v Sound velocity m s-1 1111 1083 1129 
Z Acoustic impedance 10 ~ kg m -3  s i 3.685 2.975 4.370 
c~ Attenuation coefficient dB mm ~ MHz -~ 0.144 0.096 0.229 
p Density kg m -s 3360 2712 3982 
C Elastic stiffness GPa 4.06 3.35 4.83 
The results of the examinations of thin-walled (0.39 ram) expanded polytetrafluoroethylene (ePTFE) stretch vascular prostheses (Gore- 
Tex® Stretch Vascular Graft) with the SAM50® scanning acoustic microscope and a 10 MHz ultrasound transducer (n =8 samples, 10 
measurements spaced 100 gm apart in each sample). 
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Fig. 2. The material properties inthe radial direction for thin-walled (0.39 ram) expanded polytetrafluoroethylene stretch vascular prostheses 
(Gore-Tex®) were measured by means of 10 MHz time-resolved acoustic microscopy (n=8 samples, 10 measurements spaced 100 ~tm 
apart in each sample). The overall results are presented in Table 1. 
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The measured v (median 1111 ms -z) differs from the 
value of 1390 ms 1 given for PTFE in scientific tables, 9 
but such a comparison is inapplicable due to the 
difference between PTFE and ePTFE in material ar- 
chitecture. As mentioned, the latter is a meshwork 
composed of fibrils and nodes with an interfibrillar 
and internodal ethyl alcohol filled void space, so the 
sound beam encounters multiple interfaces at different 
angles. Such conditions are known to affect sound 
velocity measurements. 1° The median Z (3685 
106kgm -2 s -1) is in a range between that of soft 
and hard biological tissue, e.g. small arteries (1620 
106 kg m -2 S -1) and bone (7780 106 kg m -2 S-1). 7'11 Ana- 
logous to electrical impedance, Z is a measure of the 
"ease" with which the sound wave propagates through 
a material, and one unit is sometimes referred to as 
an "acoustic ohm". Z expresses the degree of sound 
reflectivity and quantification may thus aid in the 
interpretation of clinical as well as most experimental 
ultrasound images. 
The median ~0 (0.144 dB mm -1 MHz -1) is in an order 
of magnitude higher than that of plasma 12 which is 
0.01 dB mm -1MHz 1, and two to three times higher 
than that found in most soft tissues, e.g. in normal 
liver tissue the coefficient 13is 0.052 dB mm- lMHz -1. 
At this time, no data exist to allow comparison between 
graft and vascular wall ~0. The calculated P (median 
3360 kg m -3) was  higher 9 than that of PTFE 
(2140 kg m-3).  The explanation for this is partly that 
the measured v, which is the denominator in the 
equation (Appendix 1), is lower than that of PTFE. 
The C (median 4.06 GPa) is higher than that measured 
in normal porcine coronary arteries by means of the 
same technique 7 (2.60 GPa), and much lower than that 
found using a similar technique on cortical bone ~1 
(29.75 GPa). 
It is important o realise that the stress induced by 
insonation of an object using ultrasound is in- 
finitesimally small as compared to that used in tra- 
ditional mechanical testing, and that it is the elastic 
stiffness which is measured, so it is implied that 
Hooke's law applies to the material. To apply this law 
to the tests, one should be certain that the stress is 
related to strain by a constant coefficient, and that this 
is valid for all directions (isotropy). At present, we 
have no knowledge to suggest hat Hooke's law does 
not apply to ePTFE grafts at the small stresses induced 
by insonation by ultrasound at 10 MHz, but whether 
the graft wall is truly isotropic, elastically speaking, 
remains to be shown. More sophisticated analysis 
can be employed to analyse graft anisotropic 14and 
viscoelastic properties, I5 but this is beyond the scope 
of the present report. 
The properties varied within as well as between 
samples, and occasional outliers appeared (Fig. 2). 
Most likely, variation within samples reflects that the 
graft wall properties actually vary from one location 
to another, and this demonstrates what TR-SAM is 
able to offer in relation to exact physical description 
of material properties: i.e. to determine the char- 
acteristics in closely spaced loci. The (microscopic) 
distance between such points is dependent on trans- 
ducer properties such as wave frequency and focusing. 
To some extent the same applies to the variation 
between graft samples; the preparation procedures 
probably had more influence on that phenomenon. 
In conclusion, this study was conducted to in- 
vestigate the feasibility of determining the physical 
properties of vascular prosthetic grafts and to develop 
time-resolved scanning acoustic microscopy to that 
purpose. We present he methods and provide new 
data of basic and biomechanical interest for the ePTFE 
(Gore-Tex®) stretch thin-walled graft. Our techniques 
make it possible to conduct longitudinal studies on 
explants from the cardiovascular system (and other 
tissues) and of vascular grafts. 
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Appendix 1 
Technique 
The signals obtained by data acquisition were analysed 
manually on-line for deflection timings (t) and amp- 
litudes (A) arising from the following interfaces: (1) 
the couplant/top surface of substrate (to; A0) which is 
referred to as the reference signal, (2) the couplant/ 
top surface of sample (tl; A1), and (3) the bottom 
(lower) surface of sample/top surface of substrate (t2, 
32). Calculations of d, v and Z are based on meas- 
urements of the timings and amplitudes of reflected 
signals, whereas % and p can be deduced from those.  9
The time-resolved technique requires knowledge of vs 
and O~, where subscript s refers to the properties of 
the substrate, and of vcp, a~v and Pep, where cp refers 
to the couplant. Using the SAM50® and a digital 
micrometre (Digimatic®, Mitutoyo Corp., Tokyo, 
Japan) G was found, and by applying Archimedes' 
principle and using a digital high precision balance 
(Mettler AT261 Delta Range@, Mettler Toledo AG, 
Greifensee, Switzerland) we determined Ps. As values 
for Vcp, %p and pep at 20 °C and 10 MHz were used 
1162 m s -*, 45 dB m -1 and 789.34 kg m -3, respectively. 16 
We used the following equations to determine the 
ePTFE graft wall properties in the radial direction: 
d=}_(to-tl)v~p 
V = Vcp t ° -  tl 
t2-- t, 
1 +A1 
Z = Vcppcp 1 _ AI 
1 
% = acp + (to- tl)vc~ 
I o.,7, v o+v <8686 
lO&[A2 (v~o,)+ Z (Z +vcppcp)2v~p _VcpO~pj] f2 
where 8.686 is the conversion factor from nepers to 
dB, andf  is the frequency of the sound wave in MHz. 
Finally, 
Z p= 
v 
and by combining Hooke's law with Newton's econd 
law, the elastic stiffness (modulus) can be calculated 9 
as C=v2p.  C is related to Young's modulus by the 
following equationg: 
c -  (3.-~)~ 
(1 + cy) (1 --2(~) 
where E is Young's modulus, and (s is the Poisson 
ratio. Because the Poisson ratio of soft material is 
normally only slightly below 0.5, C can be considerably 
higher than E, which is commonly used to describe 
tissues and other materials mechanically. 
Appendix 2 
Structure and physical properties of the graft 
Polytetrafluoroethylene (PTFE, Teflon@) represents a 
unique, polymeric aggregation state of - (CF2CF2) - -n  
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that was discovered in 1938. ~7 In 1969, R. W. Gore 
invented amethod for expanding the Teflon polymer. 18 
The small particle resins of the long-chain polymer 
are mixed with a lubricant and shaped at low pres- 
sure. TM The expanded PTFE (ePTFE) is made by heating 
and mechanical stretching of the material that is ex- 
truded through a die to produce various geometric 
configurations. The resultant substance consists of fib- 
rils with a 25 I~m length interconnecting more con- 
densed node areas with internodal spaces of above 
17 ~tm. The effective pore size of this complex three- 
dimensional node/fibril structure is approximately 
30 btm in the Gore-Tex® grafts for clinical use. 8 The 
void (air) space accounts for 80-85% of the graft. The 
material itself is chemically inert and electronegative 
(~-potential-17mV) due to the negatively charged 
fluorine atoms that form a protective sheath over the 
string of carbon atoms. PTFE is the most hydrophobic 
polymer known (surface energy 18 erg cm -2) with a 
water absorption in ePTFE of <0.01%. A thin (100 txm) 
ePTFE layer of open structure xpanded PTFE film is 
oriented at right angles to the microstructure of the 
base tube in order to reinforce the exterior of the tubes. 
Initially, the wall was 0.64 mm thick, but the newer 
thin wall grafts have a 0.39 mm wall. The tensile 
strength for ePTFE materials varies from 104-2.105 psi, 
and the deformation under load is negligible (<2% at 
26 °C, 994.7 psi, 24 h). 18 The burst strength of a 6 mm 
standard graft is >3500 mmHg over 5 s. For ePTFE, 
the compliance (= zXD.(D.AP) -1, where D is diameter 
and P is pressure) is 1.63+0.14 (% per mmHg.10-2). 
The compliance is nearly constant over a frequency 
range from 3 to 15 MHz with a remarkably stable 
phase behaviour (phase in degrees as function of 
frequency in Hertz). 19 Specific data for stretch ePTFE 
are not available. The pressure pulse wave velocity 2° 
in non-stretch ePTFE is 15 ms -~. The standard ePTFE 
graft maintains its structural stability after im- 
plantation, but widening of micropores, compressed 
and ruptured fibrils and inhomogeneous wall have 
been reported. 21 At delivery, stretch grafts are smooth 
on the surfaces, but the fibrils are "micro-crimped", 
which allows a longitudinal (but not radial) ex- 
tensibility of 39%. After stretching, manually or by 
arterial pressure distension, the material structure is 
identical to that of ordinary non-stretch grafts. Mech- 
anical tests, performed by the manufacturer, did not 
show any statistically significant differences between 
Gore-Tex® standard grafts and the stretch type with 
respect o tensile strength (42.8 vs. 43.2 kg), resistance 
to dilatation (195 vs. 203 psi), longitudinal suture re- 
tention (1500 vs. 1460 g), transverse suture retention 
(1223 vs. 1212g), and water entry pressure (5.3 vs. 
5.3 psi).22 
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